The focus of this study is the angular dependence of two types of Metal Oxide Semiconductor Field Effect Transistor (MOSFET) dosimeters (MOSFET20 and OneDose/ OneDosePlus) when used for surface dose measurements. External beam radiationat different gantry angles were delivered to a cubic solid water phantom with a MOSFET placed on the top surface at CAX. The long axis of the MOSFET was oriented along the gantry axis of rotation, with the dosimeter (bubble side) facing the radiation source. MOSFET-measured surface doses were compared against calibrated radiochromic film readings. It was found that both types of MOSFET dosimeters exhibited larger than previously reported angular dependence when measuring surface dose in beams at large oblique angles. For the MOSFET20 dosimeter the measured surface dose deviation against film readings was as high as 17% when the incident angle was 72 degrees to the norm of the phantom surface. It is concluded that some MOSFET dosimeters may have a strong angular dependence when placed on the surface of water-equivalent material, even though they may have an isotropic angular response when surrounded by uniform medium. Extra on-surface calibration maybe necessary before using MOSFET dosimeters for skin dose measurement in tangential fields.
Introduction
Radiotherapy is one of the most accepted means for the treatment of breast cancer. To improve dose uniformity in the targeted volumes, multiple radiation beam configurations (1) (2) (3) (4) (5) with tight restrictions were frequently used, most of which feature tangential radiation beams at large oblique angles. Based on clinical considerations, in vivo skin dose has been measured at many facilities as an effective means to monitor local dose distribution at point of interest. In vivo skin dose verification has been performed using various dosimetry systems including film (6) , diodes, and MOSFETs. Among these, MOSFETs have been regarded as one of the more preferable solutions because of its relatively independent response to radiotherapy energy (for energies 80 keV) and dose rate, ease of use, and instantaneous reading (7) . Much research has been conducted using MOSFETs to measure in vivo doses for different types of radiations in different clinical/research applications (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . It has been used in many in vivo dosimetry applications such as Total Body Irradiation (TBI), IORT, and brachytherapy. In vivo skin dose verification is conducted on the human body surface. For opposing tangential fields in breast radiotherapy, the intersection angle between the radiation beam and the skin surface is different from patient to patient and from fraction to fraction, and can be very large. Therefore, it is critical that the response of the in vivo skin dose verification system is angle-independent or its dependence is well-understood. Much research has been conducted to characterize different brands of MOSFET dosimeters (7) (8) (9) (22) (23) (24) (25) (26) (27) . Manufacturer reports as well as some research has shown that for MOSFETs without a buildup cap performance is relatively independent of beam incidence angle and that for MOSFETs with a buildup cap readings are relatively independent of beam incidence angle up to 45 degrees but suffer a sudden discontinuity at around 45 degrees as the buildup cap moves out of the beam path. It has been noted that isotropic angular response of MOSFET devices were previously observed using either in-air or in-phantom measurement with the dosimeter completely surrounded by a uniform medium (9, (22) (23) 28) . However, in vivo skin dose measurements are performed by attaching dosimeters to the patient's skin without bolus or any other dose build up layer. Thus, the skin dose is measured in a half air/half water-equivalent environment, instead of being uniformly surrounded by water equivalent materials. Therefore the angular independence of MOSFET dosimeters verified in-air or in uniform medium may not be applicable in clinical situations. In many previously conducted researches, angular dependence of MOSFET dosimeter in asymmetric medium has been observed and reported. In (29) the angular dependence at large oblique angles has been observed for a MOSFET detector in skin dose measurement; in a study by Ciocca et al. (30) , a half-air half-medium surface calibration of MOSFETs was performed for 6 MeV electron beams used in IORT, and anisotropic response was found at certain angles even though the incidence angle between the beam and the surface was small; in (28) , 32% increase in MOSFET dosimeter sensitivity has been reported for diagnostic x-rays at 270 degree (the distal end of the MOSFET pointing directly away from the radiation source) for free-in-air measurements; in (23) largest deviations from isotropic response occurred for free-in-air measurements; in (31), a comprehensive 5% uncertainty including angular dependency has been reported for a MOSFET for in-depth measurement; and in (32) MOSFET measured surface dose (at 2 mm depth) has been compared against Monte Carlo simulation, and a 6% angular dependence has been reported for large oblique angles (maximal deviation at 70 degree). To further investigate the angular dependence of MOS-FET dosimeters in asymmetric medium, we characterize the angular dependence of three types of MOSFET dosimeters when used to measure surface dose from photon beams in the current study. The study also investigated the cause of the anisotropic performance of MOSFET as a medical dosimetry device. For that reason, the angular dependences of three different types of MOSFET detectors were compared against each other in order to evaluate the impact of different designs. The three types of MOSFET dosimeters were MOSFET20 with TN-502RD dosimeter (Best Medical Canada, Ottawa, ON, Canada), Onedose (Sicel Technologies, Morrisville, NC, USA), and OnedosePlus (Sicel Technologies, Morrisville, NC, USA). MOSFET20 system has been widely used in various clinical and research applications for in vivo dosimetry (8) (9) (10) (11) 14) . In our study, standard sized TN-502RD dosimeter with standard bias (1mV/cGy) was used. For simplification, this type of MOSFET detectors is referred as MOSFET20 hereafter. The major difference between OneDose and OneDosePlus is that OneDosePlus has a buildup cap to provide charged particle equilibrium. Therefore when placed on the surface, OneDosePlus measurements reflect the dose at d max . Onedose and OnedosePlus based dosimetry researches were conducted by many groups in the past (7, 15, 17, 33) . The findings in this paper may lead to re-evaluation of the conclusions of some of the previous studies. Both devices are available in the market and have been discussed in recent researches (24, 25) . In this paper, Onedose and OnedosePlus measurements were compared against MOSFET20's to demonstrate the impact of different designs on angular dependency. We use Onedose and OneodsePlus to denote these two types of detectors respectively hereafter.
Materials and Methods

Materials
Measurements were performed independently at two institutions using two types of linear accelerator: Varian 21EX-S and Siemens Primus-M with a dose rate of 600 MU/min for all experiments. The OneDose and OneDosePlus used in our study were manufacturer-calibrated. The MOSFET dosimeter was placed at the CAX of a linear accelerator, at 10 cm depth in a 30 cm 3 30 cm 3 40 cm virtual water phantom, with SSD 5 100 cm. The calibration beam is 10 cm 3 10 cm field size, dose rate 300-400 MU/min, and 6 MV photon. The calibration beam is perpendicular (0 degree incident angle) to the surface of the MOSFET dosimeters to be calibrated. From each batch of dosimeters used in the experiment, one to three dosimeters have been randomly picked to receive known radiation dose (in phantom with full buildup and back scattering) to confirm the manufacturer's calibration. The radiation dose has been verified using an ion chamber (Farmer Type chamber, PTW TN30013, calibrated at ADCL) placed at the same position of the MOSFET. The MOSFET20 detectors were calibrated using 6 MV photon beams under the reference condition (dosimeter on CAX, 0 degree Gantry, SSD 5 100 cm, 10 cm 3 10 cm field size, 5 g cm 22 depth, bubble up), following IAEA TRS-398 (34). The MOSFET20 dosimeter was inserted into the center of a 2 cm water-equivalent bolus (a hole was drilled on the bolus beforehand to enable the insertion and prevent air bubbles around the dosimeter) and extra slabs of solid water were overlaid on top and bottom to provide the reference depth and back scattering during the calibration. The calibration factors were generated for dosimeters with both standard (1 mV/cGy) and high (2.998 mv/cGy) bias voltage to cover the expected dose range (20 cGy to 200 cGy). The calibration has been verified by ion chamber measurement (Farmer Type chamber, PTW TN30013, calibrated at ADCL) at the same location. Gafchromic EBT2 film (ISP, Wayne, NJ, USA) was used forskin dose baseline measurements. Radiochromic film has been shown to accurately measure surface doses and is independent of beam incident angle (35) . Measurements conducted at both study institutions confirmed these properties.
Beam Incidence Angle Dependence (Experiment A)
Experiment A was designed to compare the dosimetry differences among MOSFET20, OnedosePlus, and radiochromic film. A 30 cm 3 30 cm 3 25 cm flat top solid water phantom was positioned with the center of the top surface at the Linac isocenter. The dosimeter was placed at the isocenter with the long axis oriented along the gantry axis of rotation, bubbledfacing up (directly facing the radiation source when the gantry was at 0 degree). A 6 MV photon beam of 10 cm 3 10 cm field size was delivered to each type of dosimeter at different gantry angles. The same number of MUs was delivered in each case. For the MOSFET20, six gantry angles were used: 0, 18, 36, 54, 72, and 90 degrees. For the OnedosePlus, five gantry angles were used: 0, 30, 45, 60, and 90 degrees. All the beam angles were with respect to the long axis of the dosimeters. Baseline dose measurements at each gantry angle were obtained using radiochromic film.
Anthropomorphic Phantom Experiment (Experiment B)
In experiment B we compared the dosimetry performance of Onedose against radiochromic film. AR and torso anthropomorphic phantom was CT-scanned without any dosimeters. Two tangential fields and a supraclavicular field were generated in a treatment planning system (TPS, Eclipse, Varian Medical Systems, Palo Alto, CA). For the delivery, two sets of Onedose dosimeters were taped to the phantom. The first set of 5 dosimeters was taped around the central axis (CAX) of the supraclavicular field, as illustrated in Figure 1 . The distance between each dosimeter was about 1 cm. The second set of 4 dosimeters was placed in a transverse plane in the middle of the tangential fields as illustrated in Figure 2 . Two of the dosimeters were placed 2 cm and 4 cm from the lateral border of the tangential fields. The other two dosimeters were placed 1 cm and 3 cm away from the medial border. All dosimeters were oriented with the long axis parallel to the gantry axis of rotation. A second beam delivery was performed with EBT2 films in the same locations as the Onedose dosimeters to acquire corresponding baseline doses.
Data Analysis
The acquired data was analyzed using SAS8.0 and Matlab 2011b software packages. The results were presented in the format of average and standard deviation. We used student t-test to determine the variations between the MOSFET20, Onedose, and OnedosePlus measured doses against the radiochromic film doses, respectively. P  0.05 was defined as statistical significance.
Results
The results of experiment A are presented in Figure 3 . In Figures 3A and 3B , MOSFET readings are plotted against the baseline Gafchromic film measurements. In Figure  3C , the deviations of the MOSFET readings relative to the baseline for the two devices are plotted against each other.
As shown in this figure, the MOSFET20 readings were in relatively good agreement with the film at small incident angles (36 degree); the agreement starts to deteriorate as the incident angle increases and the difference becomes as high as 16 .9% at a gantry angle of 72 degrees. It is noticed that there is a small difference between film and MOSFET readings at 0 degree incidence angle. This is due to the inherent uncertainty of both dosimeters and the difference between the calibration condition and the setup for surface dose measurement. The MOSFET readings were not re-normalized to keep the integrity of the data.
The OnedosePlus dosimeter readings were also in good agreement at small incident angles (30 degree), but increasingly over estimated the doses as the beam angle increased. The over estimation at 90 degree was as high as 68.4%.
The results of experiment B are summarized in Table I . For points inside the tangential fields, the Onedose overestimated the dose by an average of 21.7% (ranging from 8.0% to 35.0%). Dose measurements in the supraclavicular field did not differ much from film measurements (average difference 21.4%, p  0.001). For the tangential fields, the average incident angle was 59.3 degree. In the supraclavicular field, the average incident angle was 23.5 degree. 
Discussions
The results of the current study showed that when attached to a surface the angular dependency of MOSFET dosimeters may differ from that provided by manufacturers. According to the manufacturers, less than 2% anisotropic response is claimed for the MOSFET20 system, less than 5% anisotropic response is claimed for Onedose; and less than 2% anisotropic response is claimed for OnedosePlus for incident angles less than 50 degrees. On the other hand, the incidence angle dependence found in our study is less than that reported in another study by Scalchi et al. (26) on a special un-encapsulated MOSFET dosimeter, which exhibited surface angular dependence of 27%. We believe that the major reason for the difference is the different design of the dosimeters. The result of our study is, to certain extent, consistent with the findingreported by Scalshi et al. in another study (27) for a similar MOSFET system (TN-RD-50) used in total body irradiation. In that study, it was observed that the dosimeter exhibited a 7% response increase at 90 degree incident beam angle, as well as a relative angular independence for incident angles less than 25 degree, while we observed a response increase of 9% at the 90 degree, and angular independence for incident angles less than 30 degree. Compared to the study by Scalshi et al. (27) , our study investigated more incident angles between 25 and 90 degrees, and found that the surface dose overestimation with MOSFET20 did not increase monotonically with the incident angle; the maximum dosimetry overestimation took place at a relatively large oblique angle of 72 degree, instead of 90 degree.
An angular dependence comparison of all three dosimeters is presented in Table II . Significant difference in angular dependence was observed between OnedosePlus and MOS-FET20 for measurements made at incident angles larger than 30 degree. Dose over estimation was as high as 69% compared to the film readings for OnedosePlus while MOS-FET20's maximum overestimation was smaller than 17%. This difference in behavior may be explained by the difference in construction of these two dosimeters. OnedosePlus has a buildup cap placed over the top of the dosimeter. The buildup cap helps maintaining equilibrium of charged particles at the point of measurement when the incident beam angle is small. However, at large incident angles, the buildup 
Table I
Onedose and Film measurement of dose using the Anthropomorphic Phantom. Detector 1 (1 cm superior to the CAX) is in the supraclavicular field. Detector 5 (on the CAX), 3 (1 cm to the right), and 4 (1 cm to the left) are on the border between the supraclavicular field and the tangential fields. Detector 2 is in the opposing tangential fields (1 cm inferior to the CAX). Detectors 6-8 and 9 are in the tangential fields in the middle (sup-inf direction) of the fields. 6 and 7 are 1 cm and 3 cm to the medial border, respectively; 8 and 9 are 2 cm and 4 cm away from the lateral border. cap is no longer in the path of the beamthough it can still act as a source of lateral scatter. It should be noted that the documentation for OnedosePlus clearly states this dosimeter is not suitable for skin dose measurement. The results of this study support this statement. While the overestimation of surface dose monotonically increased with beam incident angle for OnedosePlus, one interesting new finding was that for MOS-FET20 the dose deviation reached its maximum at 72 degree instead of 90 degree. More measurement points between 70 degree and 90 degree may be necessary to characterize more details of the angular dependence of the dosimeter at large oblique angles. Onedose dosimeter's angular dependency follows a pattern similar to that of the MOSFET20. Multiple measurements were made for incident angles between 51 and 71 degrees (average 59 degree), and an average 21.7% dose deviation from film readings was observed. The results are similar to the MOSFET20's response at the same range of incident angles (MOSFET20 deviations: 15.1% at 54 degree, and 16.9% at 72 degree). The measurements made at incident angles less than 30 degree (4 with Onedose showed no significant response dependence on the incident angle (p  0.001).
There are three possible explanations for the observe dangular dependency of MOSFET20 detectors when used for surface dose measurements. The first reason is the uneven distribution of lateral and back scatterings of the radiation beam near the skin surface, which does not exist during in-air or in-phantom calibration of the dosimeter. Another plausible reason is the angular dependent perturbation of the radiation flux caused by the MOSFET detector itself. The third possible reason is that the internal design of the dosimeter may impact its angular dependency under different conditions. This later possible effect could be evaluated using Monte Carlo simulation (36) .
Conclusion
When used to measure surface dose in photon fields with large incident angles, MOSFET dosimeters may over estimate the dose. For MOSFET devices with buildup caps, dose discontinuity and deviations may also occur at large incidence beam angles as the buildup cap becomes obliquely exposed to the radiation fields. For MOSFET devices without buildup caps, there is also a significant dose deviation at large incidence angles, and the dosimeter's performance is not monotonically increase with the incidence angle. Extra care needs to be taken when MOSFET dosimeters are used for in vivo skin dose measurements involving tangential radiation fields. Characterization of the angular dependence obtained in a uniformly surrounded medium should be supplemented with additional surface measurements before being used for in vivo skin dose measurement, in order to quantify this effect.
Conflict of Interest
We certify that regarding this paper, no actual or potential conflicts of interests exists; the work is original, has not been accepted for publication nor is concurrently under consideration elsewhere, and will not be published elsewhere without the permission of the Editor and that all the authors have contributed directly to the planning, execution or analysis of the work reported or to the writing of the paper.
